Traditional analysis approaches to water resource carrying capacity cannot be directly applied to data-deficient regions where water resources have been exploited excessively. Gross domestic products (GDPs) also cannot be used directly as objective functions of regional benefits. New objective functions should be established by analysing limited available data and mining useful implied information. Based on the principle of water resource supply-demand balance, a new evaluation criterion of regional benefits is presented using the non-linear regression analysis approach. An analysis model of groundwater carrying capacity was then established and is solved with the Lagrange multiplier method. A case study of groundwater resource carrying capacity in 2010 and 2015 in the Yaoba Oasis irrigation district, Alxa Left Prefecture, Inner Mongolia Autonomous Region, China, was performed. Results demonstrate that the model has the ability of evaluating and determining the groundwater resource carrying capacity in this overloaded and data-scarce region. The carrying capacity level of groundwater in this irrigation district is rather low and the development potential is limited. In order to reduce the exploitation of groundwater resources and achieve the sustainable development of the oasis in future, a system of agricultural watersaving irrigation must be set up to reduce the irrigation quotas and the irrigation water requirement. The arable areas should be reduced and the living standards of local people should also be raised. The results obtained from these applications have proved that the analysis model presented in this study is a new and promising method which can be employed in data-scarce and overloaded regions.
Introduction
The concept of carrying capacity originates from the field of biology. It was first used by U.S. biologists Park and Burgess (1921) and denoted the maximum number of a certain species that can be sustained under a given environment (the combination of living space, nutritive material, sunshine and so on). Subsequently, it was introduced into different fields and some corresponding concepts, such as population carrying capacity, resource carrying capacity, land carrying capacity, water resource carrying capacity, and environment carrying capacity came into being. The concept of water resource carrying capacity (WRCC) was first brought forth in the late 1980s in China (Bao and Fang, 2007; Feng et al., 2008) . It is an application of the carrying capacity concept to water resources. The WRCC is a basic measurement of water security and also an important component of food security, economic security, eco-security, social security, national security, and even human survival security (Knapp, 1995) . There is not yet a united definition of WRCC. Though different researchers have different understandings (Shu and Qu, 1992; Feng, 2000; Liu, 2000; Zhu et al., 2002) , the basic viewpoints and ideas do not differ greatly and are all focused on the implications of a sustainable capacity of water resources. The connotation of WRCC is mainly embodied in the following points:
• The main subject of WRCC is water resources; the focus is humans and the socio-economic and environmental systems which support human survival, or the wider range of biological communities and their needs for survival • The WRCC has spatial and temporal attributes • The water resource system is a complex, integrated socioeconomic and ecological system, which indicates that there are complicated, interdependent and interactional relationships between the WRCC and the socio-economic and ecological systems.
Therefore, although the carrying capacity concept in water resources is significantly linked with its original meaning in biology, there are slight differences in the main components. The establishment of regional water resource security is related to the WRCC (Michiel and Frans, 2000; Zhang, 2004) . Water resources are special limited resources and their carrying capacities are restricted, within a certain period and level of regional development of society and economy (Beuhler, 2003) . Water resources supplied by any water body, including rivers, lakes and groundwater, have a threshold value. If the threshold is exceeded, the ecological environment will enter a deteriorative cycle (Ghassemi et al., 1997; Falkenmark and Lundqvist, 1998) . In this case the WRCC can be defined as the largest scope of water resources development and utilisation in a certain stage of social and economic development of a particular area. If developments exceed the scope, the ecological environment will be destroyed, or negative benefits of development will be larger than the positive ones. To sustain the development of regional society and economy, it is essential to analyse 452 the status and development of WRCC and study improvements in its measurement. In data-deficient areas where water resources have been consumed excessively, it is very important to study the regional WRCC in order to determine the scale and direction of future development of society and economy.
Carrying capacity of regional water resources is a concept with dual attributes, related to both nature and society. Carrying capacity depends on the regional natural environment, water resource quantity, socio-economic structure and level of technical skill, etc. (Feng et al., 2003) . Thus it is a complex, large-scale system, involving numerous factors, including but not limited to, population, resource availability, environment, ecology, society, economics and technology (Giupponi et al., 2004) . There are, however, no unified and mature approaches to WRCC analysis . Traditional wider-application approaches to WRCC include the background analysis (Yao et al., 2002) , the supply-demand balance analysis and the recursive dynamic simulation (Motohashi and Nishi, 1991; Feng, 2000; Feng et al., 2008) , etc. Few breakthroughs have been achieved in WRCC studies, though theories of sustainable development have often been considered (Ofoezie, 2002) .
'Background analysis' is an approach that proposes that the potential carrying capacity of an objective region can be deduced by using a comparative area with similar naturalsocial background within a certain historical period (e.g., similar economic development level, degree of water resource utilisation, productivity, people's living standards and ecological environment, etc.). However, because the interrelations among each factor are not considered, this approach is restricted to static historical background analysis and is difficult to use for dynamic process analysis. In addition, the relationships of resources, society and environment between the objective and comparative areas are not taken into account, and it is too simplistic to apply to the carrying capacity analysis of complicated natural-socio-economic systems.
The 'supply-demand balance analysis' approach is applied to determine the water-use quotas according to the total amount of regional water resources, the available water resources, and the water resource demand. The regional WRCC is then estimated based on the water-use quotas and the water resource balance between supply and demand. This method is relatively simple and has a wide application. The water resource system is dynamic and inherent with natural-social performance and covers a wide range of influence factors. But the supplydemand balance cannot fully reflect the complexity of carrying capacity of regional water resources. Thus, this method is only applicable to simple estimation of regional water resource carrying capacity.
The 'recursive dynamic simulation method' is used to reveal the status of WRCC and determine the final 'sustainable development scale of economy and population' through computer simulation technology. The dynamic supply-demand balance calculation of water resources in a certain year is carried out firstly with the methods of dynamic simulation and mathematical economic analysis. The relevant policies, variables and parameters of the next year or several years are then modified according to the actual situation in order to make them as rational as possible. This recursive calculation process continues until the limit of WRCC is met. Because this process is too complex and the data collection is also difficult, this recursive method has no application yet (Zhang, 2004) .
The above traditional methods are generally applied to the regional carrying capacity of surface water or surface water and groundwater. In addition, adequate sequence data are required, such as the total amount of water resources, the quantity of supply and demand, the development of industry and agriculture, the outputs of industry and agriculture, the population size and the water-use quota. Because most of these basic data are absent in data-scarce regions, the above approaches do not work. Therefore, it's quite important to analyse the available data, mine useful implied information, and find a new model for regional water resource carrying capacity. A case study of groundwater resource carrying capacity in Yaoba Oasis irrigation district, Alxa Left Prefecture, Inner Mongolia Autonomous Region, China, was performed. Because only partial data can be obtained and the groundwater resources in this district have been exploited excessively, the traditional analysis approaches cannot be used. Based on the analysis of available data and the mining of useful information implied in the data, a new evaluation criterion of regional benefits was presented and an analysis model of groundwater resource carrying capacity was established. The sustainable economic development scale and population size of regional groundwater resources in 2010 and 2015 of this irrigation district can be given and the development potential and direction for the Yaoba Oasis irrigation district are indicated.
Materials and methods

Study area
The Yaoba Oasis irrigation district (105°34′-105°39′E, 38°25′-38°36′N) is located in the Barunbieli Town of Alxa Left Prefecture, a typical arid desert area in the west of Inner Mongolia Autonomous Region, China. The irrigation district is bounded by the Helan Mountains in the east and the Tengger Desert in the west (see Fig. 1 ).
According to the observation data of over 35 years in Barunbieli Town, the space-time distributions of precipitation and evaporation are uneven. The precipitation in this district decreases from east to west, while the evaporation increases from east to west. The average annual precipitation is only 207.4 mm, most falling during the summer months from June to September (see Fig. 2 ). On the other hand, the average annual amount of evaporation is as high as 2 323.4 mm, 58.3% of which is focused in the flood season from May to October (see Fig. 2 ).
The Yaoba Oasis is located in the middle-lower part of the piedmont alluvial sloping plain of the southern Helan Mountain. There is a coarse band in the upper and middle sections of the alluvial sloping plain. In this band, the rock type is mostly gravel, sand pebble and sand gravel, with large porosity, strong permeability and rich water content. In the west of this band, there is a second band where the thickness of sediment decreases; particles deposit gradually from coarse to fine along this band from east to west. The rock type is mostly composed of sand, sand gravel and mild clay, which lays the foundation of occurrence for the confined water. The Yaoba irrigation district is located in this band. Going west from this band, the aquifer becomes thinner and the deposition particles become finer, with a rather low aquifer water content.
The irrigation district is mainly recharged by surface runoff infiltration and lateral flow of groundwater. Due to the scarce precipitation and high evaporation capacity in this district, the recharge amount of surface runoff infiltration is very small, and only results from floodwaters in gullies of the Helan Mountain in rainstorm seasons of wet years. The lateral groundwater is the main replenishment source in this irrigation district. Therefore, it is the only source considered in the following calculation.
There was cultivated land area of 4 509.1 hm 2 in 2005, as well as 324 motor-pumped wells with a total installed capacity of 8 000 kW. The annual exploitation amount of groundwater can reach 40.7 million m 3 . According to the replenishment amount of 22 million m 3 , based on the official data from the Inner Mongolia Branch of Livestock, the groundwater has been exploited excessively. Due to a lack of surface water resources, only the groundwater is pumped for irrigation, domestic consumption and use and ecological water, among which the irrigation water requirement makes up the largest proportion (for example, it accounted for 90.7% of the total water demand in 2005). Large-scale exploitation of groundwater began in 1970. With the increase of the farmland irrigation area in the past 2 decades, large amounts of groundwater have been exploited and a situation of over-exploitation of groundwater has arisen. This situation has become more and more serious and caused continuous decline of the groundwater level, at a rate of 20 cm per year, which has resulted in the increase of groundwater pumping costs for irrigation. Nowadays, the groundwater depth in the irrigation area reaches 14 m below the ground surface (Li, 2007) ) from Taosu Lake in the south-western oasis since 1980. The occurrence of saltwater infiltration from Taosu Lake has led to the increase of groundwater salinity and severely affected the living conditions of the local people. At the same time, with the deterioration of groundwater quality, soil salinisation becomes more and more serious in local areas of this irrigation district, which brings about the death of seedlings and the decline of crop yield. In recent years, due to the continuous deterioration of groundwater quality, the surface groundwater can no longer be used. The aquifers above 50 m are sealed up and only the groundwater in aquifers of 50 m below the ground surface are used for irrigation, so that the growing condition of crops has been improved slightly. 1980 1982 1984 1986 1988 1990 1992 1994 1996 Year Groundwater table of absolute altitude /m
Figure 3
Change process of average annual groundwater level for Observation Well No. 1 during 1980 -1997 (Li, 2007 
Methodology
The irrigation district has a weak industry basis and focuses mainly on agriculture development. Therefore, the increase in gross domestic product (GDP) is mainly dependent on the increase of the irrigation area and crop yield due to the improvement of crop varieties. On the other hand, there is generally a relationship between the increases in GDP and in crop prices. However, since the market prices of agricultural products in China have been relatively stable, without obvious increase, this is not a significant factor in boosting the regional GDP. Under this circumstance, it is rational to consider only the factors of arable land and population, and not the market price, in this study. Wheat, corn and sorghum are 3 crops grown in this district, with the former 2 being the main ones. There are 2 irrigation seasons: summer (from early April to late September) and winter (from late November to late December). The main mode of irrigation is flooding irrigation and the average irrigation quota can reach 9 000 m 3 ·hm -2 . About 20 to 40% of the irrigation water is evaporated into the atmosphere, which results in an excessive increase in groundwater consumption in the growing period of crops. The carrier of agriculture production is the arable land. In addition, the factor of population plays an important role in regional development. So the regional benefits can be indicated by arable area and population. Only a few data, from 1991 to 2005, have been collected (see Table 1 ), the traditional methods of WRCC are incapable of being employed in this data-deficient irrigation district.
In this study, the regional carrying capacity of groundwater resources refers to the maximum scale of development and utilisation of groundwater resources under the condition of sustainable development of the regional ecological environment. The thresholds of economic scale and population size are determined by the maximum scale. To achieve the sustainable development of regional social, economic and ecological systems, a threshold of permitted exploitation amount of groundwater resources must be maintained. If the permitted threshold is exceeded, the regional sustainable development of society, economy and ecological environment will be damaged and the development scale should be narrowed; otherwise, the development scale can be expanded. A calculation procedure of groundwater resource carrying capacity in the Yaoba district was established based on the supply-demand balance principle of water resources, which is shown in Fig. 4 . Figure 4 shows that the total water requirement includes the water requirement of crops (the irrigation water requirement), household water use and the ecological water demand, among which the water requirement of crops accounts for the largest proportion. The largest economic development scale and population size in the area can be determined based on the adjustment of indexes, such as irrigation and domestic water quotas, arable area and population size, under the condition of fixed ecological water requirement. An equivalent crop is presented in this study to replace the 3 different crops (wheat, corn and sorghum), due to a lack of irrigation area data for the different crops. The irrigation quota of the equivalent crop is set as the average value of wheat and corn.
The available amount of groundwater in Fig.4 is the permitted exploitation amount of groundwater, which is calculated based on the exploitation coefficient approach shown in Eq. (1). According to the demand given in the 'Details of the Investigation and Evaluation of Groundwater Resources (DIEGR) in China' from the China Ministry of Water Resources, the approach is indicated as follows:
where: Q k is the permitted exploitation amount of groundwater; μ is the exploitation coefficient, which is fixed as 0.85 in this study according to the DIEGR; Q b is the replenishment quantity of groundwater.
According to the Inner Mongolia Branch of Livestock, Q b is set as the lateral replenishment of groundwater, the main replenishment source of groundwater. The lateral flow is calculated with the Darcy law, which is shown as follows:
where: K is the permeability coefficient, m·d
M is the aquifer thickness, m B is the flow section width, m I is the hydraulic gradient t is the calculation period, d
Because the irrigation district is only one part of the whole Yaoba Basin, the boundary of the study area is dependent on the distribution condition of pumping wells and the available data, not the natural boundary of the basin. The region surrounded by 6 boundaries of AB-BC-CD-DE-EF-FA, shown in Fig. 1 , is adopted as the study area. The calculation results of the lateral replenishment of groundwater (Q b ) are shown in Table 2 .
The average annual lateral replenishment of groundwater is equal to the summation of replenishment amount in the 3 time spans (the irrigation period, the initial and late periods of water level recovery) of If the aquifer thickness in the irrigation district is set as the maximum value of 60 m and the average drawdown of 4 m up to now is excluded, given a decline rate of groundwater level of 20 cm per year, the maximum time for exhaustion of groundwater can be determined according to the equation (see Eq. (3)) presented by Kalf and Woolly (2005) . In this equation, the Sd is 56 m; Pm is 0.2 m; Sm is set as the permitted exploitation amount of groundwater corresponding to Sd, which is equal to 47.6 m (=0.85×56). The maximum time for exhaustion then can be calculated as about 518 years. But, given the uneven distribution of aquifer thicknesses in the whole irrigation district, the maximum time for exhaustion should be much smaller than 518 years. Therefore, if no effective measures are taken to reduce groundwater exploitation in the irrigation district, this oasis will disappear from the earth in the near future. 
where: Tm is the maximum time for exhaustion; Sd is the maximum sustenance storage; Sm is the mineable storage; Pm is the abstraction rate. Table 3 presents the calculated correlation coefficients between the GDP and the population size and cultivated land scale. This table shows that the cubic model has the largest correlation coefficient (=0.812) among all regression models between GDP and population size, which is much larger than those of the other models. The correlation coefficients from the quadratic model and the cubic model are both equal to 0.803 and are much larger than those of the other regression models between GDP and arable land. It is indicated that there are strong cubic polynomial relations between the GDP and the population size and arable land scale (see Fig. 5 ), that is, there is a close relationship between regional benefits (GDP) and carriers of regional benefits (population and arable land). Therefore, under the data-scarce condition, a certain combination of these carriers of regional benefits can be considered as a new evaluation criterion of regional benefits and a new regional WRCC model can be established. The regional benefits in the irrigation district are denoted as the combined effect of population and arable area in the form of a cubic polynomial, which is shown as: (4) where:
y is the regional benefit; a, b, c and d are the undetermined coefficients; x 1 and x 2 are the population size and the arable area scale, respectively; X 1 (x 1 , x 2 ), X 2 (x 1 , x 2 ) and X 3 (x 1 , x 2 ) are the combination functions of population size (x 1 ) and arable area scale (x 2 ), where only 2 combined effects of the addition operation (+) and multiplication operation (×) between x 1 and x 2 are considered.
Thus, there are 8 combination functions in Eq. (4). The nonlinear regression approach is used to find the best combination case among the 8. Results show that the optimal regression function with the best correlation degree can be achieved when the operations between x 1 and x 2 in X 1 (x 1 , x 2 ), X 2 (x 1 , x 2 ) and X 3 (x 1 , x 2 ) are '+', '+' and '×', respectively, which is shown as follows:
(5) The objective function of the regional WRCC model is set as the maximum of Eq.(5). Thus the analysis model of regional WRCC is established as:
ST. (7) where: B is the domestic water quota, ℓ•person The above model is essentially an optimisation model of water resource allocation. In the calculation process, the total volume of water demand must be restricted to the permitted exploitation amount of groundwater (Q k ). The optimal solution of (x 1 , B, C, x 2 ) can be determined with the optimisation allocation methods and the sustainable economic scale and population size in the area can then be achieved. There are many optimisation approaches to solve the above 
Figure 5
Relationships between GDP and carriers of regional benefits (population and arable area) 457 model, such as the direct solution approach, Lagrange multiplier method and genetic algorithm. The Lagrange multiplier method is employed in this study. In order to reduce calculation difficulty, several determined alternatives of B (domestic water quota) and C (irrigation quota of cultivated land) are considered. With socio-economic development, the people's living standards will improve, and the domestic water quotas of B1 in 2010 and B2 in 2015 will increase in comparison to the current value. Therefore, 5 scenarios of domestic water quota are set up in Table 4 . Due to the groundwater resources in the oasis having been exploited excessively, the pressure of groundwater resource exploitation is enormous. The population growth and the development of agricultural production must be restricted. Thus advanced irrigation techniques should be taken into account to cut down the irrigation quota of cultivated land so as to lower the crop water requirement and thereby reduce the amount of groundwater exploitation. Therefore, 5 scenarios of irrigation quota are also established in Table 4 . The 5 scenarios in Table 4 are set down based on the actual situation of water use quotas and their development trends and plans. They are scientifically-based and consistent with the development direction of the irrigation district. Both the managers of irrigation district and the local people are eager to take effective measures to reduce water consumption so as to realize the regional sustainable development. In the current China, when faced with common regional problems of water environment, control rules of regional water consumption are generally developed jointly by the managers and local people, which is conducive to the effective formulation and execution of water control programmes. In addition, after 20 years' development, the optimal allocation theory of water resources is relatively mature and is used widely. Most Chinese people have some understanding of this theory. Therefore, increasing water saving awareness and acquiring scientific theories of water saving are conducive to the promotion of regional water-saving techniques and to the implementation of water saving to a large extent, so as to promote the sustainable development of regional water resources.
Results and discussion
The Lagrange multiplier method is applied to solve the abovementioned model. The constructed Lagrange function is shown as: (8) Lagrange equations are established based on Eq. (8) as follows: (9) Different values of λ, x 1 (population), x 2 (arable area) and water requirement in 2010 and 2015 can be achieved by solving the above equations system based on the quota scenarios in Table  4 . Results are shown in Tables 5 to 7 . To facilitate the comparative analysis, the values of λ and sustainable population size and arable area scale in 2005 are also calculated, which are shown in Table 8 .
Tables 5 (Table 8) , respectively, in the context of a groundwater According to the different scenarios of 2010 in Table 4 , the smallest sustainable population size in 2010 is only 2 746 persons (the highest scenarios of the irrigation quota and the domestic water quota; see Table 6 ), which is much smaller than the actual population size in 2005. While the largest sustainable population size in 2010 reaches 9 244 persons (the smallest scenarios of the irrigation quota and the domestic water quota), which is larger than that in 2005. The smallest and largest sustainable arable areas in 2010 are 2 366.3 hm 2 and 3 895.6 hm 2 (see Table 7 ), respectively, which are both smaller than the actual cultivated land area in 2005.
The sustainable population size and arable area scale increase in 2015 (see Tables 6 and 7 ). The largest sustainable population size and arable area scale reach 10 600 persons and 4 656.3 hm 2 , respectively; while the smallest ones are only 4 869 persons and 2 614.1 hm 2 respectively. They are, however, all larger than the sustainable population size and arable area scale in 2005 (see Table 8 ).
According to Tables 6 and 7 , the current population size (8 781 persons) and arable area scale (4 509.1 hm 2 ) in 2005 can be achieved simultaneously only when the irrigation quota is less than 4 500 m 3 ·hm -2 (Scenario 5 or 4 of irrigation quota in 2015). It demonstrates that the irrigation quota of cultivated land determines the development and utilisation of groundwater resources in the Yaoba Oasis and plays a key role in the sustainable development of the regional society, economy and ecological environment. Therefore, if advanced irrigation techniques are adopted to reduce the irrigation quotas, the sustainable level of population and cultivated land can be improved. It is also conducive to the improvement of the regional ecological environment and the adjustment of industrial structures, which are of great importance to achieve the optimal allocation of regional water resources and to realise the sustainable development of regional society, economy and ecological environment.
The objective function values of 25 scenarios in 2010 or 2015 are determined according to Eq. (6), and are shown in Table 9 . The optimal scenario in 2010 or 2015 can be achieved and the development direction of the oasis irrigation district is indicated. Table 9 shows that the regional benefits are rather larger when the highest scenario of irrigation quota (irrigation quota=7 500 m 3 ·hm -2 ) in 2010 is adopted; among which when the highest scenario of domestic water quota (120 ℓ•person
is considered, the largest regional benefit (objective function value = 31.24 in Table 9 ) can be achieved, which indicates a short-term development direction for the irrigation district. The carrying capacity of groundwater resources in the district can be improved in the short-term, from 2005 to 2010, through establishing an initial water-saving irrigation system, narrowing the regional economic scale (e.g., reducing cultivated land areas from 4 509. The regional benefit (objective function value; see Table 9 ) is rather larger when the irrigation quota scenario of 6 750 m •d -1 in 2015; see Table 9) • Using advanced irrigation techniques to a certain extent to reduce the irrigation quota and simultaneously raise the domestic water quota based on the development levels in 2010 (that is, the scenario of irrigation quota = 6 750 m 3 ·hm -2 and domestic water quota = 125 ℓ•person -1
•d -1 in 2015; see Table 9 ).
Aiming at the optimal scenario for Yaoba Oasis in 2010 (regional benefit = 31.24, irrigation quota = 7 500 m ), the latter is more practical and should be given first consideration. However, Tables 6 and 7 demonstrate that the sustainable population size and arable area scale from the optimal scenarios in 2010 (population size = 2 746 persons and arable area scale = 2 366.3 hm 
Conclusions
Analysis of carrying capacity of regional water resources is of great significance in the sustainable development of the regional society, economy and ecological environment. When insufficient data are obtained in the study regions where water resources have been exploited excessively, traditional analysis approaches to water resource carrying capacity cannot be applied to these regions. A case study on the groundwater resource carrying capacity in Yaoba Oasis irrigation district, Alxa Left Prefecture, Inner Mongolia Autonomous Region, China, was carried out. Because little data can be collected in this district, the traditional analysis methods are ill-suited to this data-deficient area. In addition, the groundwater resources in the oasis irrigation district have been exploited excessively; if the historical GDP values are employed to forecast the future ones, the prediction values will certainly become too large. Thus the historical GDPs cannot be applied to measure the regional benefits, that is, the GDPs cannot be used as the regional benefit or objective function analysis model of regional water resource carrying capacity. By analysing limited available data and mining useful implied information, a new evaluation criterion of regional benefits was presented and an analysis model of groundwater resource carrying capacity for this data-scarce area was established based on the principle of water resource supply-demand balance. The Lagrange multiplier method is used to solve the model. Results demonstrate that the approach presented in this study can be used for groundwater resource carrying capacity analysis in the oasis irrigation area. The approach is feasible for analysing and determining the future regional development direction and scales. The results obtained from these applications have proved that the analysis model is a promising method for water resource carrying capacity analysis in data-deficient regions where water resources have been excessively exploited. 
